We comprehensively investigate a degenerate vector phasesensitive amplifier (PSA). We determine the gain dependence on the relative phase and polarization angle between the pumps and the degenerate signal wave. The vector PSA is experimentally shown to be sensitive to the pump states of polarization (SOP) due to polarization mode dispersion in the fiber. However, the scheme performance agrees well with theory under specific pump SOPs and we achieve an on-off gain over 10 dB with a small deviation from the theoretically expected results. In comparison to the scalar scheme, the proposed vector scheme has larger tolerance for pump depletion due to four-wave mixing between pumps and generation of higher-order idlers.
Introduction
A phase-sensitive amplifier (PSA) amplifies the in-phase quadrature of a signal wave with a quantum-limited noise figure (NF) of 0 dB [1] while attenuating the out-of-phase quadrature. Thus, PSAs are capable of noiseless amplification. This contrasts with the 3 dB quantumlimited NF of phase-insensitive amplifiers (PIAs), such as commercially available erbiumdoped fiber amplifiers (EDFAs) which amplify both quadratures equally. Moreover, since PSAs amplify only the in-phase component, they can provide phase squeezing in e.g. all-optical regeneration of phase encoded signals [2, 3] .
PSAs can be realized in χ 2 [4] [5] [6] and χ 3 [3, 7] nonlinear materials. In both types of materials, investigations have covered degenerate (signal and idler at the same frequency) [3, 6] and non-degenerate (signal and idler at different frequencies) [5, 7] schemes. However, demonstrations have mainly been performed with scalar schemes in which all interacting waves are co-polarized. Theoretical studies have also covered vector schemes where the pumps are crosspolarized [8] [9] [10] [11] . Vector schemes are quite attractive for phase-insensitive fiber-optic parametric amplifiers (PI-FOPAs) since they can provide polarization-insensitive wavelength conversion and amplification without the use of polarization diversity [12] [13] [14] [15] . This polarizationinsensitive amplification comes at the expense of lower gain compared to the scalar PI-FOPA scheme.
In contrast to the vector PI-FOPA scheme which has been thoroughly investigated, not so much attention has previously been given to the vector PS schemes. We recently demonstrated a degenerate vector phase-sensitive (PS)-FOPA scheme with an on-off gain of about 5 dB [16] . Although the scheme was shown to be polarization-sensitive, the potential of using vector PS schemes for amplification or signal processing of polarization-division multiplexing (PDM) data is quite attractive since they are less complex than polarization-diversity scalar schemes which are not polarization-insensitive [11] . Therefore, an analysis of the performance and limitations on vector schemes is necessary in order to understand the capabilities of vector schemes as amplifiers and regenerators of PDM data signals.
In this paper, we extend the work presented in [16] . We comprehensively analyze theoretically as well as experimentally a degenerate vector PSA. We analytically evaluate the gain dependence on the relative polarization and phase between the input waves. Based on the theoretical expressions, we comment on some potential applications of the degenerate vector PSA. Experimentally, we also characterize the gain of a degenerate vector PSA as a function of Polarization diagram for the degenerate scalar PSA. P 1 pump at lowest frequency, P 2 pump at highest frequency; S, signal; I, idler. Note that any axis polarization rotation can be applied over both diagrams schemes without losing validity as long as the indicated orthogonality relation between the signal, idler and pump polarizations are maintained. In other words, the pump, signal and idler are do not need to be linearly polarized.
the relative phase and polarization. Our experiments cover the analysis on the effects from polarization-mode dispersion (PMD), showing that the scheme is quite sensitive to PMD perturbations. Fiber PMD can make the experimental results deviate from the predicted results in which we neglected such effects. However, good agreement between the theoretical predictions and the experimental results is achieved for specific states of polarization (SOPs) of the pumps. We experimentally demonstrate, to the best of our knowledge, the first vector PSA with a large net gain (∼10 dB). Additionally, we compare the proposed scheme with the conventional degenerate scalar PSA. Unlike the vector PSA scheme, the scalar scheme is strongly affected by the presence of higher order idler and pump depletion due to four-wave mixing (FWM) between the pumps.
Theoretical description

Vector scheme, gain dependence on the relative polarization angle and phase
The configuration for the degenerate vector PSA is shown in Fig. 1(a) where two pumps, P 1 and P 2 , at frequencies ω 1 and ω 2 are cross-polarized. PS interaction occurs between the signal, S, and idler, I, which are the two orthogonal components (projected over the pump polarizations) of the wave referred along this paper as the degenerate wave with frequency ω S = ω I = (ω P1 + ω P2 )/2. The output fields as a function of the input fields can be described by [8] 
where the coefficients μ V and ν V are the coefficients of the matrix transformation for the vector scheme and fulfill |μ V | 2 − |ν V | 2 = 1. Assuming that the phase matching condition is fulfilled, a fiber with random birefringence and equal pump powers, P, then μ V = cosh(γPL) where γ is the nonlinear coefficient of the fiber and L is the fiber length. The polarization diagram of this scheme is represented in Fig. 2 . The pump polarizations are antipodal on the Poincaré sphere. In our example, the pumps are circularly polarized but they can take any polarization as long as they are orthogonal. The degenerate wave polarization forms an angle α (defined in the Stokes space) with P 1 . The azimuth of the degenerate wave, Ψ, defines the phase difference between the signal and idler (components of the degenerate wave projected over the pump polarization). With these definitions, the power gain for the degenerate wave can be then determined as
where φ = φ P 1 ,in + φ P 2 ,in − φ S in − φ I in is the relative phase difference between the pumps, the signal and the idler. Equation (3) shows that the SOP of the degenerate wave determines whether the amplifier is working in PS or PI mode. PI operation can be achieved when the degenerate wave is copolarized with one of the pumps, α = 0 • or α = 180 • . Under any other SOP of the degenerate wave, the amplifier is working in PS mode. The PS interaction is maximized when the signal and idler have the same power. Therefore, maximum PS interaction occurs when the degenerate wave forms a 90 • angle with the pumps. 
Scalar scheme, gain dependence on the relative polarization angle and phase
The conventional scalar degenerate PSA consists of two pumps and signal/idler all with the same polarization as depicted in Fig. 1(b) . The relation between the output and input can be the expressed as [8] S
where μ S and ν S are the coefficients of the matrix transformation for the scalar scheme which also fulfills |μ S | 2 −|ν S | 2 = 1. In this case, μ S = cosh(2γPL) when again assuming perfect phase matching and equal pump powers, P. Therefore, compared to the vector case, μ S takes an amplitude value that is the double in dBs of μ V in the high gain regime. If we consider a degenerate wave, a wave with frequency ω S but with an arbitrary SOP, with polarization angle, α, with respect to the pumps, the gain can be determined by [17]
where the Manakov model is assumed and higher-order FWM processes such as Braggscattering wavelength conversion are neglected. In this case, the relative phase is defined as
Additional effects: higher-order idlers and PMD
The previous equations are valid for the case where only three waves at three different wavelengths are involved. However, higher-order idlers, waves at frequencies ω HOI1 = 2ω P1 − ω S and ω HOI2 = 2ω P2 − ω S , are created by the modulation instability and Brag Scattering processes. The equations previously presented assumes such higher-order idlers are negligible. The influence of higher order idler has been studied previously for both scalar [18] and vector [10] PSA schemes when both schemes are operating near the zero dispersion wavelength. These studies showed that the scalar PSA is more affected by the higher-order idlers than the vector PSA. PMD effects have also been neglected in the derivation for the aforementioned equations. PMD effects have been studied extensively for vector PI-FOPA [19] in which PMD induces polarization-dependent gain. In the degenerate vector PSA scheme, PMD manifests as a dependence of the signal gain on the azimuth angle, Ψ. With random birefringence, the pump orthogonality is not maintained along the fiber. Small misalignments between the pumps create an azimuth-dependent gain. However, in our experiments we tried to suppress theses effects by optimizing the pump SOPs launched into the fiber.
Applications of a degenerate vector PSA
A non-degenerate PSA can amplify data independently of the modulation format as long as the idler is a conjugated copy of the signal [7] . The degenerate vector PSA can also amplify modulation-independent data with the same condition, the idler is a conjugated copy of the signal where signal and idler are two waves with the same frequency but orthogonal polarizations as shown in Fig. 1(a) . For example, if we modulate two conjugated copies of a quadrature phase-shift keying (QPSK) signal in the signal and idler, they are amplified by the PSA. The two conjugated copies of the QPSK signal modulated on two orthogonal polarizations are equivalent to PDM-binary phase-shift keying (PDM-BPSK). Therefore, the proposed scheme can PS amplify a PDM-BPSK signal with a proper polarization alignment in which we can express the PDM-BPSK signal as two conjugated QPSK signals and each one of the QPSK signals is co-polarized with each pump. Therefore, a PDM-BPSK signal can be PS-amplified or phase regenerated without the need of polarization diversity schemes which increase the system complexity.
In connection to PS amplification of PDM-BPSK signals, we can observe that a degenerate vector PSA can also perform format conversion from a single-polarization QPSK signal to a PDM-BPSK signal. In order to perform QPSK to PDM-BPSK conversion, the scheme should PI amplify the QPSK which means that only signal or idler are present at the input. Assuming high gain and no input idler, from Eqs. (1), (2) we can observe that the degenerate vector PSA creates a conjugated copier of the QPSK signal on the idler. The two conjugated QPSK signals on orthogonal polarizations and same frequency are equivalent to a PDM-BPSK signal. Readers should realize that a similar scheme with two conjugated QPSK signals on orthogonal polarizations has been demonstrated in order to compensate distortion due to fiber nonlinearities [20] .
In addition, in a more general way, a vector PSA has potential for phase-to-polarization conversion when assuming high gain and PI operation. With no input idler and high gain, both output signal and idler will have about the same power in accordance with Eqs. (1), (2) and the output idler will be a conjugated copier of the signal. This means that the output degenerate wave is formed by two conjugated copies on two orthogonal polarization. Therefore, its polarization is determined by the phase relation between the output idler and signal which in turn is determined by the input signal phase. 
Experiment
Setup
The experimental setup is shown in Fig. 3 . Two tunable laser diodes (LDs) generate two waves at wavelengths of λ 1 = 1558.5 nm and λ s = 1571 nm. The wave at λ 1 was phase modulated in order to avoid stimulated Brillouin scattering (SBS) in the PSA stage. The wave at 1571 nm was amplified by a high-power EDFA. Out of band amplified-spontaneous emission (ASE) noise was removed with an optical band-pass filter (OBPF). Both waves were combined by a wavelength-division multiplexing (WDM) coupler before being injected into a PIA stage, the so-called copier [7] , with aligned polarizations. Before the PIA, the power of the wave at 1558.5 nm, which acted as the signal in the copier stage, was about 12 dBm. The wave at 1571 nm acted as the pump in the PIA and its power was about 28 dBm. The copier consisted of a highly-nonlinear fiber (HNLF), HNLF 1 , which is a aluminium-doped 190 m long fiber with a higher SBS threshold which allowed us to avoid phase modulation on the copier pump. In this copier stage, a third wave at λ 2 = 1584.5 nm was created with a conversion efficiency of about -10 dB. The three waves are phase locked as required for the proposed scheme. After the copier, the three waves were split into three different paths. The waves at shortest, P 1 , and longest wavelength, P 2 , are the pumps for the degenerate PSA. They were both amplified by a C-band and a L-band EDFA. The copier pump acted as signal/idler, S/I, for the degenerate PSA (either vector or scalar). In this path, we placed a piezoelectric transducer (PZT) to stabilize the relative phase between the three waves which was drifting slowly since they were travelling in three different paths. We controlled the SOP of each individual wave by placing a PC in each branch so we could choose between the scalar and the vector scheme. In addition, another PC before the PSA enabled us to rotate the SOP of the three waves simultaneously such that we could evaluate the performance dependence on the pump SOP. The two pumps and the signal/idler were combined before the PS-FOPA. We compared the results of using two different HNLFs, HNLF 2 and HNLF 3 , to implement the PSA. HNLF 2 was 125 m long and HNLF 3 was 250 m long. Other parameters such as the effective area (A e f f 10.1 μm 2 ), attenuation (∼ 0.82 dB/km), zero dispersion wavelength (∼ 1569.5 nm), third-order dispersion (∼ 0.026 ps/(nm 2 km)) and PMD (∼ 0.04 ps/ √ km) are quite similar in both fibers since they were cut from the same drawn spool. Before the PSA, we included a monitor port in order to track the relative polarization angle between the waves with a polarimeter and measure the input power of each wave. The polarimeter was placed after an optical processor which allowed us to select the wave into the polarimeter. After the PSA, we also monitor the output power and SOP. Then, the degenerate wave was filtered and monitored by an optical power meter. This power meter enabled us to record the signal power (sampling rate of 2048 Hz). Then, we could measure how much the power of the degenerate wave varied due to different relative phases between the waves at the input. Moreover, the degenerate wave was also tapped to a feedback PLL circuit which locked the relative phase between pumps and degenerate wave in order to achieve maximum power on the degenerate wave at the PSA output.
Results
Using HNLF 2 , we first evaluated how the gain depended on the azimuth angle, Ψ, which was previously defined in Fig. 2 . According to Eq. (3), the gain should not depend on Ψ but due to the fiber PMD this condition is not trivial to achieve experimentally. In order to minimize the dependence on errors measuring the polarization angle, α, these measurements were performed with α values of about 90 • . Then, the possible signal SOPs form a circle on the Poincaré sphere. For these measurements, the pump power were about 29 dBm each. Figure 4 shows the signal gain vs. azimuth angle for four different cases of the pump SOPs. When P 1 was aligned close to the Stokes axis S 1 , at the input of the polarimeter (square symbols in Fig. 4 ) the dependence of the signal gain on the azimuth was of about 0.3 dB. When we inverted the pump polarization with respect to the previous case (circle symbols in Fig. 4 ) the gain was lowered by about 0.7 dB but it still did not have large fluctuation with regard to the azimuth, Ψ. It was confided within a range lower than 0.3 dB. In these two measurements, the output degree of polarization (DOP) was about 8% where DOP = | < S > |/ < |S| >, S is the Stokes vector of the full optical field, |S| is the total optical power and < x > denotes long-term (ms, given by polarimeter response time) average. In our case the optical field is dominated by the pumps, which are incoherent with each other, making < S > the sum of the pumps Stokes vectors. When the pumps are equal in power which is the case in our experiment since pump powers are equalized in the optical processor before the polarimeter, < S > is close to zero for orthogonal pumps. We also studied another two cases, P 1 with linear polarization of +45 • (triangles) and with right circular polarization (diamonds). In these two cases, the gain had variation larger than 1 dB when modifying the azimuth angle. The output DOP was about 13% when P 1 had linear polarization of +45 • and about 14% when P 1 polarization corresponded to right circular polarization. Then, even though we are using a short-fiber with low gain, the degenerate vector PSA is quite sensitive to PMD since the orthogonality between the pumps were broken. However, it seems that under optimized pump SOPs the azimuthal dependence can be negligible. These specific pump SOPs seems to be the principal states of polarization of the HNLF since they approximately maintain pump orthogonality.
Once we have demonstrated that we can minimize the azimuth dependence, we decided to increase the pump powers to 29.5 dBm each (maximum available) and maximize the gain. Fig. 5 shows the output spectra for the vector and scalar PSA with a signal power of about -7 dBm at the PSA input. In the vector PSA, we optimized the pump SOPs in order to minimize the azimuth dependence when α = 90 • . The output vector spectrum was taken when the polarization angle, α, was about 90 • . With this polarization angle, the on-off gain about 6 dB. The scalar output spectrum is shown for the case with the degenerate wave was aligned to the pumps, α = 0 • , for which we achieved the maximum scalar gain, about 8 dB. In both cases, apart from amplifying the degenerate wave the PSA created additional signal corresponding to higher-order idlers and FWM terms between the pumps. As expected, higher-order idlers and pump FWM terms were stronger for the scalar PSA than for the vector PSA.
With these conditions, we assessed the gain as a function of the polarization angle, α, between the degenerate wave and P 1 for the vector and the scalar schemes as shown in Fig. 6 . The theoretical curves are based on the Eqs. 3, 5 with only the maximum gain as fitting parameter. We also include simulation results where we simulated both schemes by applying the split-step Fourier method to the Manakov equation in order to clarify disagreement between the theory and the experimental data. The parameters which we used to model the fiber and the pump powers are the aforementioned ones, with the only fitting parameter being the nonlinear coefficient of the fiber, γ = 10.5 (W km) −1 when simulating HNLF 2 and γ = 12.5 1 (W km) −1 when simulating HNLF 3 . Note that PMD effects were neglected in our simulations. In these measurements, we stabilized the signal output by activating the PLL circuit. In the vector PSA, we measured different degenerate wave SOPs for the maximum PS interaction, α = 90 • , with different azimuths and in all the cases the gain was about 6 dB. The minimum gain, about 3 dB, was obtained when the signal polarization was aligned to P 2 . When the signal polarization was parallel to P 1 , the gain was about 3.8 dB which shows that the experimental gain was slightly asymmetric with an about 0.8 dB larger gain when the signal was aligned to P 1 (α = 0 • ) than when it was aligned to P 2 (α = 180 • ). Our simulations confirmed that this asymmetry is mainly due to the modulation instability process since the experimental results fit quite well the simulation results. Apart from the asymmetry, the measurements also follow the theoretical curve showing the expected polarization gain dependence. In the scalar scheme, as said, the maximum achieved gain, about 8 dB, was achieved with aligned polarizations between the degenerate wave and the pumps. The experimental results also fit quite well the predicted results by the theory. Maximum gain is achieved when the degenerate wave is aligned with the pumps. When the degenerate wave is orthogonal to the pumps, the gain vanishes. The simulations results are also close to the experimental results although the simulations predicted slightly higher gain which can be due to slightly wrong modelling of the fiber. Figure 7 shows the power swing (maximum gain / maximum attenuation) of the degenerate wave at the output when not stabilizing the phases of the waves. In these measurements, the electrical signal driving the PZT was disconnected. The theoretical swing is calculated using Eqs. about 11 dB when α = 90 • . The curve for the swing is quite symmetric. This confirms that the process creating the asymmetry in the gain is phase-insensitive since it does not affect the swing but shifts the gain curve. We did not obtain the same swing as predicted by the theory and simulations. This can be explained by limitations of the measurement method and the pump phase modulation [21] . Both effects limited the maximum attenuation that we could measure. Concerning the scalar case, we see that the swing is quite limited. Indeed, the maximum swing is lower than the maximum gain. This can be explained by the creation of higher-order idlers, see Fig. 5 , which limited the attainable attenuation. The theory of the three-wave interaction is not valid in this case. However, our simulations results also predict lower swing than double the gain in dBs.
We then decided to use HNLF 3 in order to achieve a higher gain. Each pump power was again 29.5 dBm. Therefore, the main difference with the previous case was the HNLF length, 250 m in HNLF 3 and 125 m in HNLF 2 . The signal power was about -7 dBm for the vector scheme and about -14 dBm for the scalar case in order to avoid saturation in the scalar PSA. The output spectra for the maximum scalar, α = 0 • , and vector, α = 90 • , PS gain is plotted in Fig. 8 . In the vector case, the azimuthal dependence was again minimized by aligning the pump SOPs and we achieved a maximum 10.5 dB gain with a polarization angle of about 90 • . In the scalar PSA, the maximum gain with HNLF 3 was about 23 dB and polarization angle of about 0 • . When comparing to the previous vector PSA implemented with HNLF 2 , the maximum vector gain which has been almost doubled its value in dBs by using HNLF 3 . In the scalar case, the gain increased from 8 dB to about 23 dB. This increase can be explained by taking into account higher-order idlers and small difference in the fiber parameters. Note that without accounting for higher-order idlers, the gain is doubled in dBs when the fiber length is doubled, any other parameter is constant and assuming perfect phase matching. However, the gain difference between the amplifier using HLNF 3 or using HNLF 2 in our simulations was similar to the one found experimentally. By also comparing the results from fibers, the creation of higher-order idlers and terms due to pump FWM was stronger than with HNLF 2 in both cases. Again, these created waves were strong in the scalar PSA where pumps were indeed depleted by pump FWM since the waves created by P 1 -P 2 FWM have powers of the order of the pump powers. The gain with regard to the relative polarization angle, α, was again evaluated for both schemes with the conditions for which we took the spectra shown in Fig. 8 . As depicted in Fig. 9 , analytical and simulation results are quite close. Indeed, the gain curves for the vector PSA are almost indistinguishable when comparing simulations and theory. The experimental results are also close to those predicted by the theory and simulations in both scenarios. In the vector case, we show different measurements with the same polarization angle of α = 90 • but different azimuths, Ψ, for which the gain varied within a 0.3 dB range. This shows that even though we have increased the fiber length, which in turn means higher DGD, we can still optimize the pump SOPs and minimize the PMD effects on the gain. The gain when the degenerate wave was aligned to P 1 , α = 0 • , was about 8 dB. When aligning to P 2 , α = 180 • , the gain was about 7.8 dB and the asymmetry was lowered compared to the case of HNLF 2 . This agrees with the simulation results for which there was negligible asymmetry in the gain curve. The data for the scalar PSA shows that the maximum gain was about 23 dB when both pumps and the degenerate wave were aligned, α = 0 • . The gain dropped when the degenerate wave polarization was misaligned with respect to the pump polarization. The degenerate wave power was actually the same as without including the pumps when it was orthogonal to the pumps, α = 180 • . Both the simulations results and the theoretical curve are quite close to the experimental data in the scalar case too.
The power swing vs. polarization angle is depicted in Fig. 10 . In the vector scheme, a maximum power swing of about 16 dB occurs when the degenerate wave forms a 90 • angle with both pumps. This power swing is slightly lower than the power swing predicted by either the simulations or theoretically which are both quite close. Again, the phase modulation of the pumps limited the maximum attenuation. When the degenerate wave is aligned with either of the pumps, the power variation is close to 0 dB. This again confirms that it is acting as a PIA when the degenerate wave polarization is parallel to either of the pump polarizations. The swing for scalar case is quite far from 3-wave-theory prediction. The maximum swing is limited to about 16 dB. This means that the signal is amplified regardless the relative phase between the input waves to the PSA. The simulations of this scenario also predicted a low swing due to the higher-order idlers. Indeed the power swing predicted by the simulation was lower than the power swing measured experimentally which can be explain by some small difference between the modelled fiber parameters and the real fiber. The swing vanished when the degenerate wave was orthogonal, α = 180 • , to the pumps as expected.
Discussion
The results confirms that a degenerate vector PSA is polarization dependent as predicted by the theory in Section 2. Achieving a polarization independent PSA was already addressed by Marhic [11] which predicted that either degenerate vector PSA or degenerate scalar PSA with polarization diversity are not polarization independent. In our experiments, we got a 2.5 dB gain variation with respect to the polarization angle when optimizing the pump SOP in order to minimize the azimuthal dependence. This gain variation should approximate asymptotically 3 dB when further increasing the gain. Our analysis has not covered the case of a saturated degenerate vector PSA and the gain dependence on the polarization with a saturated vector PSA should be addressed in order to know whether we can minimize the polarization dependence by operating in saturation.
Our experiments also showed that the vector scheme is quite sensitive to fiber PMD. However, we have showed that under specific pump SOP the scheme performance is close to the expected by the theoretical derivations. The PMD in the fiber translates into gain variation for the same polarization angle but different azimuth for the signal. The DGD can be decreased in two ways, using shorter fiber or with small pump wavelength separation. Using shorter fiber translates into lower gain. Reducing the wavelength separation between the pumps also affects the gain. Moreover, the presence of the higher-order idlers is enhanced when decreasing the pump wavelength separation. The higher-order idlers are also affected by PMD. Determining which conditions is less affected by the PMD is quite complex. Nevertheless, pump depletion due to FWM between the pumps is also expected to be weakened when spacing the pumps close in frequency since ideally in the Manakov model there is no pump depletion in the vector scheme [10] . Readers should note that although we have analyzed the degenerate vector PSA, the results regarding PMD effects are quite indicative about such effects on non-degenerate vector PSAs.
In the comparison with the scalar scheme, we have shown that the scalar scheme has larger gain at the same pump power. This higher gain does not translate into larger power swing since the scalar PSA is quite affected by the presence of the higher-order idlers. As previously demonstrated [22], the higher-order idlers can enhance the performance of the scalar scheme by increasing the swing with appropriate dispersion profile and pump wavelength. However, our target was not an optimization of both schemes but a comparison with the same wavelength conditions and pump power. Pump depletion also affects more the scalar PSA when both schemes have the same pump power. Comparing the scalar PSA using HNLF 2 to the vector PSA using HNLF3 also verifies that the scalar scheme has lower tolerance regarding FWM between pump since the ratio between the pump power and the power of the waves created due to FWM between pumps is ∼12 dB in both cases whereas the gain of the vector PSA, 10.5 dB, is 2.5 dB larger than the scalar gain, 8 dB. Thus, the vector PSA has larger gain when the FWM between pumps has the same strength in both schemes.
Conclusion
We have theoretically and experimentally analyzed a degenerate vector PSA. We analytically express how the output signal depends on the polarization angle with regard to the pumps and the relative phase. In this derivation, effects from PMD are not included. The theory predicts that maximum PS interaction is achieved when the degenerate wave forms a 90 • polarization angle with the pumps. When the degenerate wave is aligned with one of the pumps, the scheme works as a PI system.
Based on the equations which relate the input fields to the output fields, we discussed the potential of the proposed scheme for different applications. The scheme is suitable for PS amplification of PDM-BPSK signals without the need of extra complexity that a polarization diversity scheme would add. Apart from that the scheme can also perform QPSK to PDM-BPSK modulation format conversion and more generally phase to polarization conversion.
Experimentally, we demonstrated the first (to the best of our knowledge) degenerate vector PSA with substantial on-off gain, over 10 dB. The difference between maximum gain and attenuation was about 16 dB. To achieve a large gain we used a HNLF of 250 m length leading to larger PMD effects. We also evaluated the gain when using a HNLF of 125 m. Using this shorter HNLF, the maximum gain was only about 6 dB but suffered less from PMD and higherorder FWM. The scheme is quite sensitive to the SOP of the pumps and small misalignment of the pump polarization makes the gain sensitive to the azimuth angle. However, when the pumps are aligned to these axes, the gain variation with respect to the azimuth is of only about 0.3 dB.
The proposed scheme has been compared with the scalar PSA scheme. The scalar case has larger gain, 8 dB with the 125 m long HNLF and 23 dB with the 250 m long HNLF. However, it also showed higher pump depletion by FWM between the pumps and it is more affected by the presence of higher-order idlers. We have shown that higher-order idlers can limit the PS swing under the operating conditions. Nonetheless, it has been proven that higher-order idlers could also enhance the power swing with other phase matching conditions [22] . In our comparison, we did show that the PS swing could be higher in the vector case than in the scalar case. Therefore, even though one expects higher phase regeneration with the scalar scheme, this is not always the case when we have additional FWM process that cannot be neglected.
